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ELECTRON PROBE MICROANALYSIS IN GEOSCIENCES: A TUTORIAL

Ron Gooley

Geosciences CJivision

Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87544

I. INTRODUCTION

The technique of x-ray spectrochemical analysis has resulted from

Moseley’sl discovery that the wavelength (or energy) of emitted x radiation

is a function of atomic number, and is characteristic of the emttting ele-

ment. Applications of this technique were pursued through the 192U’S and

193(.)’s;most notable was the discovery and identification of hafnium from

its x-ray wavelengths by Coster and von tievesy.2 In tne late 1941J’s,while

electron microscopy was developing rapidly, a patent was issued to J.

HtlllerJ that descr~bed the concept of electron probe microanalysis (EPPI).

However, tillllerdld not pursue the concept, At the 1949 Electron vlicro-

scope Conference in tJelft,Netherlands, Castaing and Gulnler4 presented

their first report describing specimen e~cltatlon by an electrostatically

focussed electron beam, and measurement of characteristic emitted A radla-

tton b~ an x-ray spectrometer, Castalng subsequently Improved th~ instru-

ment by Introducing electranagnettc beanlfucusslng lense~ In place of the

electrostatic lenses, In hls brllllant doctoral thesls,5 he discussed

relationships between specimen c~lposltlon and x-ray Intensity, and form-

ulated the basis for many current data reduction algorithms.

Geosclentlsts were slow to begin using the Instrument; by 1964, only 6U

geoscience papers had been published using EPtidata,6 Since that time, the
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instrwnent has revolutionized petrology and geochemistry. Almost all major

geoscience departments

tories now use the EPti

geosciences now number

tion to a wide variety

recently has been appl

in academic, industrial and governmental labora-

extensively, and papers dealing with EPM use in the

in thousands. In add,tion to its extensive applica-

of mineralogical and metrological problems, the EP14

ied in organic geochemistry, primarily for charac-

terizing the occurrence of organic sulfur in coal.

It is probably justifiable to say that advances in modern electronics

and computer technology have revolutionized the EPM as much as the EPtihas

affected the geosciences, A complete description of these achievements is

beyond the scope of tl’istutorial paper, but it is important to gain some

appreciation of the sophistication of modern instruments. Consider tnat

about five or six years ago a minicomputer with 16K bytes of memory cost

aDout SJOK; one with 25bK bytes is now about $2(JK,

Minicomputers are now capable of controlling beam current, detector

voltages, pulse-height analyzer baselfne and window values, wavelength-

disperslve spectrometer movement, and sample stage motion in X, V, and Z

directions while simultaneously handling hlgbly sophisticated

reduction algor{thns on line, in some instruments, microprocessors

interact with J minicomputer replace counter/timers and ratemeters for

data

that

data

collection, and axfs posit’

Condenser and objecttve (

microprocessors for proper

oners for spectrometer and sample stage control.

ens parameters are automatically adjusted by

electron beam control as the operator changes or

selects accelerating voltage

Altnough these advances

th~ range of application of

or beam current for a particular Msk,

in technology have not significantly broadened

electron microanalysis, they have enabled much

more rapid analyses, and have greatly reduced chances for operator error.
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In addition, they have enabled manufacturers to hold prices relatively

stable during a long period of spiraling inflation.

11. THE ELECTRON PROBE MICROANALYZER

The EPM uses a finely focussed electron beam which produces x rays

characteristic for elements present in the sam~le. The electron column and

basic instrumentation of the EPr4are very similar to those of a scaaning

electron microscope (SEM). The ma,jordifference between the two instru-

ments and their modes of operation, is that in general, the EPd ~s used to

determine chemical composition, while the SEM defines surface morphology of

the specimen, i.e., produces a magnif~ed image of the specimen.

Both instruments use a finely focussed electron beam which impinges on

the sample with accelerating voltage generally at 15 or 2LJ KeV. Most

modern EPMs can function in a SEM mode, and some SEPIS,when equipped with

x-ray spectrometers, are virtually the same as EP14s, In fact, modern

electron beam instruments are so versatile that the distinction between aft

EPA and a SEA becomes rather vague. For the purposes of this discussion, 1

shall define an EPM as an electron bebm ir!strumcatthht uses wavelsngtn

dispersive spectrometers (tiuS)for x-ray dnalysis and an optic~l microscope

for specimen viewing during ana;ysis. Modern S!J4Sare comnonly equlpped

with energy dispersive spectrometers (EM) to permit chemical analysis,

Until recently, EDSwas limited W qualitative analysis (i.e., identifying

only what elements are present, but not quantitative composition). in the

last three or four years, significant progress has been made, and several

manufacturers now offer quantitative data retiuctionsoftw~re for EDS sys-

tems that produces ?esults appro~chlng those of WDS analysis.



A. Electron Column

Figure 1 shows a schematic representation

EPM. The electron gun is of triode design,

grid cylinder and

Is the source of

colunn through a

of the basic components of an

with a tungsten filament, F

an anode. Thermionic emission from the heated filament

free electrons. The electrons are accelerated down the

hole in the anode, which operates at a high positive

potential (generally 15 or2Ll keV) with respect to the filament. The grid,

or Wehnelt cup, which is operated at a negative potential witn respect to

the filament, controls emitted current. Comnonly, a feedback circuit from

a beam limiting aperture lower In the colummn adjusts

regulate beam current. The grid also actually forms an

and decreases the beam diameter.

the grid bias to

electrostatic lens

The beam IS further shaped and demagnified by apertures aridelectro-

magnetic lenses, Older EPMs comnonly used one condenser lens and one final

probe-forming (objective) lens; most SEMS and more modern EP14sgenerally

use two condenser lenses and the final lens. The electron beam ~s focused

to a diameter of about 1 urnfor EP14use; beam diameter for WI use may ,}e

as small as 50 ii. The EPtibeam also may

point of sample Impingement to perhaps as

spot s~ze or rastered area of analysis

be defocused or rastered at the

much as 50 urnacross, l,e.~ the

Is enlarged, This practice Is

especially common with beam-sensltlve samples, or when 1{ Is desirable to

obtain an “averaged” analysls over a broader area ff the sample Is compo-

sltl~nallj Inhomogeneous on a micrometer-size scalu, dlth kJuS work,

cautlor must he exercised wtth “broad beam” analysts to be certain that the

spectrometers are in x-ray focus across the entfre width of the beam,

Energy dispersive detectors “see” a much larger sample area than wavelength

dispersive spectrometers, so thfs potential problem 1% not as crltlcal.

4



B. Wavelength Dispersive Spectrometry (WUS)

Excellent wavelength resolution, high pea~ to background intensity

ratios, low detection limit (<0.(11%for many elements), and the ability to

analyze x-rays emitted from low Z elements (B, C, N, O) are the prime

merits of UDSO These spectrometers employ a curved crystal which is

mechanically moved *9 diffract x-rays into a gas proportional detector at

positions where Bragg’s law is satisfied:

NA=2dsin0 (1)

where N is an integer, ~ is the x-ray wavelength, d is the crystal lattice

spacing, and e is the angle of x-ray incidence on the crystal. The wave-

length range for which a particular crystal is suitable is limited, and is

dependent on its d spacing. A variety of crystals are available to cover

all elements from Z = 5 (B) to Z = 92 (U). Perhaps the most comnon crys-

tals now used in modern EPds are LiF (Lithium Fluoride), PET (Pentaery-

thritol), TAP (Thallium Acid Pnthalare), and ODPb (Lead Orthodecate), the

latter for B, C, N and L).

Detector output pulses are shaped, amplified, digitized, and (on auto-

mated instruments) stored on computer for on-line data reduction. Most

EPMs are equipped with multiple spectrometers, each with a different

crystal. For example, on an instrument with three spectraneters, onem!ght

use a TAP crystal on one spectrometer, a PET on the second, and a LiF crys-

tal on the third. Spectrometers are cormnonly equipped with automated

crystal changers. on automated instruments, each spectrometer is

computer-driven to the peak position for each selected element within its

wavelength range and to a preselected position off of each peak for back-

ground determination, Peak andlor background Intensities are determined at

each pos~tion by a preselected counting time or number of counts, After



x-ray intensities are determined on the analytical standards, a typical

10-element analysis takes approximately two minutes using an efficient

automation-data reduction softw~re system.

Figure 1 schematically shows positioning of the sample, crystal and

detector on the Rowland circle. Mechanisms for moving the crystal and

detector as the spectrometer is scanned through its wavelength range are

fairly complex and must be well engineered. The sample, crystal and

detector must always remain on the Rowland circle, and the x-ray take-off

angle must remain constant.

c. Energy Dispersive Spectrometry (EDS)

Energy dispersive x-ray spectrometry makes use of a semiconductor

(solid state) x-ray energy detector and multichanncl analyzer (r4CA)for

energy analysis. X-ray pnotofis impinging on a l~tnium drifted silicon

(SiLi) semiconductor detector create electrcm-hole pairs. (A “hole” is d

lattice site that carries an effective positive cnarge by the loss of an

electron that is promoted ‘~ a higher energy level, the conduction band

shared by the entire crystal). When a potential is applied across the

crystal In its ground state, little or no current flows, but’x-ray photon

absorption creates an amou,?tof “free” charge that reflects the energy of

the incident photon. The applied potential carries the charge {electrons

and holes) to a charge-sensftive preamplifier whicn converts the charge

pulse to a voltage pulss. The VOItage pulse is amplIfied, shaped, ~nd

passscito a multi-channel analyzer. The basis for energy spectroscopy is

the relationship between charg~ M absorbed x-ray photon energy,

The MCA sorts the incoming signal according to variations in pulse

amplitude (corresponding to variations In photon energy), It counts and
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stores in memory the number of pulses that fall into channels (pulse ampli-

tude windows) and displays the resulting energy spectrum on a catnode-ray

tube. Most modern MCA systems provide at least 1024 channels and have a

selective operational range (e.g., 0-10 KeV, (J-2LJkeV, LJ-4LJkeV, etc.).

For 10Z4 channels and an operating range of 0-10 kcV, each channel covers

rlo eV. Some type of cursor, or channel marker, wnich can be

electronically moved to a selected channel is displayed on the CRT, as is

the number of tne selected channel. It is convenient with inexpensive MCAS

to operate with 1024 channels at !J-10 keV full range, because when the

cursor is moved to an x-ray peak, the channel number corresponds (with

proper placement of a decimal point) to the x-ray line energy. For

example, the energy of the Si Ka line is 1,?87 keV, and the channel number

wfll read 179. More sophisticated MCAS conrnonlyare prograrmnedto display

the element symbol, the x-ray line, and ot,nerpertinent information.

u. Light lJptics

A light optical microscope allows for specimen viewing at high magni-

fication to accurately position the electron beam on the area of interest.

For proper x-ray focusing into the detector, the sample, diffracting

crystal, and detector must lie on the perimeter of tne Rowland circle at

all times during analysls. The focal point of the microscope is coincident

Witn the focal point of the CryStill spectrometer to assure correct sample

positioning for x-ray focus.

111, ELECTRON BEAJ4-MJ4PLEINTERACTIONS

Uhen the @le:trorlbeam \mplnges on a sample, several thfngs happen

(Figure 2), a few of whlct, tre pertinent to the present discussion.

Electrons peoetrate below the sdmple surface (nbout 1 to J !~m at 15 keV,

dependtng on sample composition and structure) ond undergo a series of

7



elastic Iind-inela~tic interactions with electrons of sample atoms. borne

inner shel1 sample electrons are ejected; this process is fol1owed by outer

stell electrons cascading iu to fill the vacancies. The energy difference

between the inner shell (vacancy) and the outer shell (original site of the

transportedelectron) is manifested by emission of a photon. Electron

energy levels are discrete and characteristic for each element. Therefore

emitted x-rays are characteristic in energy (or wavelength) for each

element in the sampl{:,neglecting tne background white spectrum present due

to the large number of

analysis.

Some electrons are

production; these must

beam electrons undergo

losing xune energy to

electron interactions. This IS the basis for x-ray

elastically backscattered and are lost for x-ray

be considered during x-ray data reduction. Other

inelastic collisions, ejecting sample electrons and

them. wne ejected sample electrons (secondary

electrons) have low energy (typically t5U ev) and are easily reaDsorbed by

the sample. Some secondary electrons produced very near the surface

escape; these are utilized for imaging in the sEM.

The relationship between the abundance ratio of the unknown and

standard for element A and the ratio of x-ray intensities emitted from the

unknown and standard by element A is given by:

CA 1A IA

~~- D~ ; therefore: L; = ~ ● C:

Cs 1s 1s

where C jS concentration, 1 is x-ray intensity, U and S denote unkn~wn and

standard, and A implies elament A. However, this relationship is valid if

and only if the unknown and standard are identical in composition and

(2)



structure. Observed x-ray intensity is affected by specimen absorption,

secondary x-ray fluorescence, electron backscattering and electron stopping

power. All of these factors are functions of sample composition and struc-

ture, and are commonly referred to as matrix or ZAF effects (Z = atomic

number, A = absorption, F = fluorescence). i)ata reduction algorithms

calculate and correct for these effects.

A. Atomic Number Effect

Sample canposition and structure affect electron interactions, and

therefore x-ray production, in the sample in two ways: electron bacK-

scatter and electron stopping power. Both of these factors increase with

increasing electron density of the sample, or with increasing average

atomic number Z. tiackscatteredelectrons result from single and multiple

elastic interactions between incident (beam) and sample electrons and are

lost tc x-ray production. Castaing’ obtained an expression to describe

electron penetration (therefore stopping power) into a

1.7 - ~ 1“7) A/ZOR(X) = U.UJJ (E. c

where ~ is sample density in g/cm3, R(x) is distance

botn in keV, are electron beam energy and the critical

of the target, below which no x-ray production can

sample:

in urn,and E and Ec,

excitation potential

occur. Uthers have

revised and tested this equation experimentaily; a brief review is given by

boldstein.d Electron penetration for x-ray production into comnon silicate

minerals at 1~ keV accelerating potenti~l iS le~s than 2 urn;into a 1ow-Z

material such as

B. Absorption

As depicted

sample surface.

coal it would be less than 4 um.

in Figure 2, moSt x-ray production occurs beneath the

As x-rays pass through sample materials, some are absorbed

9



and x-ray intensity seen by the detector is reduced .“ithrespect to primary

x-ray production in the sample. The amount of absorption that occurs is

dependent on sample composition and the pathlength through the sample,

which in turn is proportional to the cosecant of the x-ray take-off angle

($ in Figure 2). It follows then, that absorption is greater with instru-

ments employ-inga low x-ray take-off ~ngle.

c. F1uorescence

Characteristic x ~’adiationproduced by electron excitation of sample

atoms can excite other sample atoms, producing a secondary fluorescence

effect. This phenomenon has the opposite effect of absorption and may

cause observed radiation for some elements to be enhanced. Generally,

x-ray absorption :,ffects observed intens!ty to a greater degree than

fluorescence, but the opposite may happen in comp.unds or alloys where two

elements close in atomic number are present. For example, consider dn

Fe-Ni alloy witn equal amounts of each element. Fluorescence of Fe KU

radiation by Ni Ka radiation dominates over absorption, and Ni t(ctradiat!~rl

1s strongly absorbed by Fe. As absorption decreases witn increasingly

higher x-ray take-off angle, ‘fluorescencebecomes increasingly important.

L). Instrum~ntal Effects

Uata reduction must also consider background counts, instrumental

drift, and detector deadtime. These factors are commonly called instru-

mental effects. Background arises from two sources: 1) ztray pulses or

signals due to electronic noise, and 2) the x-ray cmtlnuum due to the

almost infinfte variety of electron-electron and electron-photon inter-

actions. Small changes may occur In electron beam intensity between

standard and sample x-ray intensity measurements due to variations in the

instrument’s electronics. Therefore beam current is comnonly monitored,
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and x-ray intensities are adjusted by a normalization factor whenever this

drift is significant. Most wavelength dispersive x-ray detectors emplOY

gas proportional counters. These devices have a finite pulse resolving

time, commonly on the order of 2 microseconds, which produces a non-l’

response at high counting rates. Thus a ‘orrection facotr for

detector “deadtime” must be applied, especially when there are signif’

near

this

cant

differences in contents of the element of interest between sample and

standard.

E. Uata Reciuctilgn——.

Reduction of raw x-ray intensity data to meaningful composition data is

now almost always done by cumputer. Modern EPI’4sgenerally use a dedicated

minicomputer for on-line data reduction and instrument automation. Beaman

.9and Isas~ critically reviewed available data reduction programs in 197U.

Basic techniques in data reductior,algorithms have changed little since

that time, but considerable progress has been made in combined automatlon-

data reduction schemes and also in faster, more efficient software rou-

tines. A prospective EPM buyer should investigate the field thoroughly

before purchase.

IV, 3TANL)ARDSAND S#lPLES

A. Analytical btandards

quantitative analysis by EPPI is conducted by compartng the x-ray

intensi’cyproduced from a sample to that produced on a standard of known

composition. Therefore, standard quallty is of utmost importance in

producing acceptable quantitative data. Acquiring good standards is a

particular problem in geosciences due to compositional complexity and

inhomogeneity of most minerals, observed x-r . intensities (those “seen”

by the spectrometers) dfffer from the irltensities of x-rays actually
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.

generated by electron bombarcinentof the specimen because of the x-ray

absorption, fluorescence, and atomic number effects. These effects depend

directly on specimen composition, thus the ideal standard is one whose

composition is identical to the unknown. Complete sets of well-analyzed,

homogeneous mineral standards, either natural or synthetic, spanning large

compositional ranges, are not available. The analyst, therefore, generally

must resort to a standard tnat is hopefully close in composition to the

specimen. Tne very nature of microanalysis places serious restrictions on

standards:

1. Its composition must be accurately known,

2. It must be compositionally homogeneous on a sub-micron scale.

3. It must be stable under vacuum, in air, and under electron

bombarctnent,

4* it must be in a form that can be polished to expose a flat,

crack-free surface.

There are relatively few natural minerals that satisfy the above

criteria and are available In sufficient quantity to enable accurate,

independent chemical a~alysis, with enough rembining for distribution to

the “EPM comunity”. Considerable effort is required to prepare a standard

for EPI~use:

Is Pollsned sections (for opaque mater~al) or petrographic thin

sections (for translucent phases) are prepared and studied

microscopically in reflected and transmitted Ilght for undesirable

features such as foreign phases, chemical zoning, exsolutlon

lamellae, etc.



2. The material is thoroughly tested for homogeneity by EP#i; El+l

analyses should be conducted for all elements at points as far

apart as possiole and at the extreme edges of the material.

3. An independent, complete chemical analysis ‘isthen obtained by a

cmpetent, trusted analyst or analysts (preferably two or three) on

a split of the material.

4. Before distribution, the chemical analysis should be checked by EPM

against several known standards. (A wise researcher will also do

this with each new standard he/she obtains).

Most laboratories accumulate a large collection of standards with time,

but few are available in sufficient quantity for broad distribution between

many laboratories. Therefore, unfortunately, very little inter-laboratory

calibration has occurred.

B, S]mples

Types of samples used for EP14analysis are commonly the same as for

optical microscopy. Standard polished sections like those used in

metallurgy, or polished petrographic thin sections (with no cover slip) are

the hlostconsnonsamples. It is very important to prepare well polished,

flat samples, i.e., as free of scratches and surface relief as possible.

X-ray production by electron beam excitation occurs within approximately 2

urnof the sample surface, The intensity of x-rays emerging from beneath

the surface is dependent upon the!r pathlength through sample materials,

The x-ray path length out of the sample is increased considerably if the

electron beam Is posltloncd in the bottom of a scratch on the sample

surface (Fig, 3), thus greatly increfising absorption of the emerging

x-rays, especially for those of light elements, LongiO reported that the

observed x-ray intensity for Pig in a pyroxene of composition En50Fs50 is

1A



reduced approximately 10% when an electron beam with accelerating voltage

of 15 kV is positioned in a 0.5 Pm deep scratch in an !nstrument with a 20°

take-off angle. Naturally, this error is minimized with higher take-off

angle.

In addition to avoiding surface scratches, it is important to maintain

a flat, relief-free surface during sample polishing. The sample and

standard(s) shou”

of both are in a

as that used for

d be positioned in the instrument such that the surfaces

fixed plane, with the x-ray take-off angle being the same

calculation of absorption correction.1~,11 An appreciable

difference in x-ray absorption may result from a moderately small change in

specimen tilt. Sweatman and Long
12 reported the error In Mg determil~ation

in an Glivine as a function of angle of specimen tilt for a series of

Instrument tike-off angles (Ffg, 4).

Most geologic materials are poor electrical conductors. Therefore, to

prevent charge build-up on tt,e sample surface at the point of e’

‘lmpi~tand resultfng beam deflection, the sample must be coated by

layer of conductive material before analysis. A vacuum evaporator

ectron

a thin

S used

to deposit the conductive layer, For several reasons corbon Is generally

used Instead of matertals such as Be, Al, Cu, Au, etc. In thin film,

carbon Is optically transparent, facllltatlng specimen vlewtng during

andlysls. Carbon 1s ncn-poisorIous (the problem WIth BeO), does not

appreciably absorb electrons or soft x-rays (the problem with Au or Cu),

and except for carbonate mlnvals, Is generally not sn element of Interest

In geological samples (Al commonly is)i

Most geological materials are poor thermal conductors, This means that

heat generated under an Intense electron beam may seriously affect some

samples by vaporlz~ng volatlle sample material, especially IIIsamples such

14



as oil shale or some coals. Vaporization of water from stro~tglyhydrated

samples may 1ift or tear the carbon thin film anti affect conduction.

Thermal problems can be reduced by defocusing the electron beam to produce

a large spot size, operating in a beam raster mode, or lowering beam

intensity by reducing accelerating voltage and/or beam current. A related

potential problem is Na migration away from the electron beam. Migration

is apparently due to the “electron-phobic” nature of Na, and is more

problematic in g’lassesthan in crystalline mdterials.

v* APPLICATJL)NS

Kei16 published a nice review of applications of the EPM in

geosciences. Most involve chemical analyses of conmn major and minor

mineral-forming elements for a wide variety of mineralogical/metrological

problems, Present high rates of publication prohibit any attempt at a

complete review, nor would it serve ~ useful purpose. Instead, 1 will

briefly descriDe some recent applications.

Luth, Cnambers and Gerlachl~’14 used an automated EPM for determination

of modal abundance and chemical composition of phases in basalt samples

from the Kilauea Iki (1959) Lava Like, Their automation system controls

beam current, detector voltages, spectrometers and stage motion using

J5,16,i7,~8 They conducted 300-400 analysessoftware developed by Chambers.

for 12 elements on each of W samples obtained from three drill holes

penetrating about 63 meter’sinto the lava lake. They were able to define

four “magnatic” zones in this distence. Their analyses were conducted at

night, in the absence of an operator, with the instrument under computer

control. This applicaclon demonstrates the power of a fully automated

s item.



Brown and Mullinslg reported EP14results for whole

2(Imilligram samples. Their teChnique involves fusing

sentative sample of a rock powder on a metallic strip

rock analysis using

into glass a repre-

heater ~mder argon

atmosphere. This technique is especially useful when only small sample

amounts are available, e.g., for lunar samples of 100 mg allocation. They

ran a suite of basalts from Leg 34, l.leepSea Dril”lingProject, Their

results, compared with x-ray fluorescence and neutron activation values,

were well within acceptable limit:;for EPi4. However, the technique is not

equally applicable to all rocks. In big-richrocks such as peridotites,

olivine crystals form with interstitial glass even with rapid quenching.

Glasses prepared from rocks rich in SiU2 such as rhyolites or granites tend

to be heterogeneous. They report that “when the technique is applied to

rocks of limited composition range, high quality major element analyses can

be produced.”

one application of

distribution of organic

sulfur by EPM provides

EPd in our laboratory concerns occurrence and

sulfur in coal. Uirect determination of organic

a rapid method that eliminates the uncertainties

inherit ‘~ conventional ASTM methods of calculating organic sulfur by

difference.‘J Microanalysis of individual coal macerals has shown a con-

sistent trend tor organic sulfur contents: sporinite, resinite, micrinite,

and resinite > pseudovitrinite ~ macrinite ~ semifusinite > fusinite.2)

Furthermore, EPtl results have shown correlations between optical reflec-

tance (in oil) and organic sulfur contents of various macerals,22 )lndhow

d~positiondl environments of peat alter the SU1fur content of the eventual

coal.
?J
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FIGURE CAPTIONS

Fig. 1. Schematic representation of the EPA showing the elect~on column

configuration and placement of the sample, curved crystal and gas

detector on the Rowland :ircle, (After Rawond and Gooley24).

Fig. 2. Representation of electron

in generation of x rays,

electrons. The volume of

beam +~pingementon a sample, resulting

backscattered electrons, and seco~lciary

sample energized to produce x rays is

much larger than suggested by the small area defined by beam

impingement on the sample. The x ray take-off angle is shown by

o. (After Raymond and UOO1ey24)0

Fig. d. Representation of electron beam placement in a scratch. Note the

additional path length for x-ray ‘,avel through sample material.

(After Longl”),

Fig. 4. Plot of error In Pigdetermination as a function of specimen tilt

(Ae) for a series of instrumental take-off angles. (After

Sweatnan and Long12),
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